West Africa plays key roles in global climate and shows one of the strongest variations in hydro-climatic conditions. As it turns out, the region appears to be underrepresented in the existing compendium of Earth science and hydrology-focused journal papers when it comes to significant discussion on terrestrial hydrology and freshwater science. This prominent gap is largely precipitated by increasing number of constraints that include lack of considerable and robust investments in gauge measurements for meteorological and hydrological applications, poor funding of research institutions and other disincentives, among other factors. In this manuscript, the challenges and problems in large-scale terrestrial hydrology-focused investigation in West Africa are reviewed. Using a dossier of some recent contributions in the field of remote sensing hydrology, this review also highlights some of the progress in terrestrial hydrology and the opportunities that exist for hydro-geodetic research in West Africa that leverage on sustained investments in satellite geodetic missions. It is noted that West Africa is still a pristine environment for hydrology-focused research and can benefit from recent advancements in sophisticated space agency programs such as the Gravity Recovery and Climate Experiment, which undoubtedly has revolutionized terrestrial hydrology research around the world for nearly two decades. Given the poor density of gauge stations and limited ground observations, hydrological research in West Africa is expected to benefit more from independent space observations and multi-resolution data. This is because the lack of sufficient in-situ data for the parameterizations and adequate initialization of outputs from hydrological models and reanalysis data for hydrological applications results in poor representation of the West African land surface and hydrological state variables. To further improve our contemporary understanding of West Africa's terrestrial hydrology, the continued evaluation/validation of these observations and space-borne measurements is advocated.
Introduction
Some new metrics based on the framework of the intersectoral impact model intercomparison project (ISI-MIP) suggest a 40% increase in the number of people living under absolute water scarcity, up from 15% of the global population with a severe decrease in water resources (Schewe et al. 2013) . Whereas humanity in general takes water for granted owing to its obvious simplicity (see Falkenmark and Lundqvist 1998) , future simulations of freshwater availability show increased water stress in the coming decades owing to population rise and the impacts of unmitigated climate change. For instance, total water withdrawals as at the year 2000 amounted to 8.4% of global water resources, and this amount is expected to increase up to 12.2% (i.e., between 4600 and 5800 km 3 ∕year ) by 2025 (Shiklomanov 2000) . In a study of global water resources, Vörösmarty et al. (2000) projected estimate of global water use by 2025 puts the value at 4700 km 3 ∕year . Regarding water scarcity projections, about 57% and 69% of the world's population are estimated to live in countries facing high water stress by 2025 and 2075, respectively (Alcamo et al. 1997) . The argument that considerable portion of the world's population will face water stress by 2025, be it moderate or severe may be somewhat polarized in terms of projected estimates, given the uncertainties and substantial differences in model outputs (e.g., Gleick 2000; Kuylenstierna et al. 1997) . Nevertheless, documentary evidence suggests that water shortages (or rather scarcity) will be one of the world's most 1 3 pressing challenges in the twenty-first century (e.g., Freitas 2013; Rijsberman 2006; Vörösmarty et al. 2005; Kuylenstierna et al. 1997; Alcamo et al. 1997) .
From a contemporary perspective, the rise in drought frequency across the globe in the last few decades (see Ndehedehe et al. 2019; Spinoni et al. 2014; van der Molen et al. 2011 ) strengthens this argument of anticipated water stress. Considering the notable and often repeated extreme climatic conditions in Africa, the aforementioned projections and indicators of water stress could have significant negative impacts on a considerable proportion of Africa's agricultural biomes, livelihood, and ecosystem services. Arguably, the region's lack of preparedness, limited resources, and plausible policy responses increases its vulnerability to such impacts. It has been reported that about 25% of people living in Africa are already experiencing water stress, while an estimated 13% are direct recipients of drought-related stress once each generation (see Vörösmarty et al. 2005) . Because of such concerns and the cumulative impacts of climate variability on water availability, stormwater harvesting was recently (see Fisher-Jeffes et al. 2017 ) suggested in South Africa as possible alternative water resource that could supplement traditional urban water supplies and improve water security. Water scarcity by itself represents one of the characteristics (e.g., degree of scarcity) that could make water a potential source of strategic rivalry (Gleick 1993) . This is true for Texas, Africa, and other regions where water-related conflicts and the impacts of water scarcity on national security have been identified (Freitas 1993 , Gleick 2000 . As further mentioned in Freitas (2013) , the increasing pressure on water resources in West Africa and other regions of Africa is a potential source of local agitations and interstate tensions that may eventually lead to armed conflicts. But more importantly, despite all of the recurrent climatic, hydrological, and environmental changes that affect the stability of regional income and livelihood, little is known about the terrestrial water systems of West Africa. This limited understanding of the region's hydrology has been attributed to an increasing number of constraints that include lack of sufficient observational networks and/or decline of in situ observations for large-scale hydrological research in West Africa. In this manuscript, critical challenges and the progress made in large-scale terrestrial hydrology-focused research over West Africa are reviewed. In the next section, an overview of the current state of knowledge in West Africa's terrestrial hydrology is indicated while highlighting the specific objectives of the manuscript.
The terrestrial hydrology of West Africa

Water resources
West Africa is enriched with numerous surface water resources (rivers, estuaries, lakes, reservoirs), including major rivers such as the Niger, Senegal, Gambia, and Lake Chad. These rivers take their sources in tropically wet major groundwater basins and regions with considerable amount of annual rainfall (Fig. 1a, b) . In addition to the Benue and the Volta river systems (Black and White Volta rivers and Oti), these river systems among others drain the West African subregion. At basin or water management scale, most of West Africa's water resources are shared by participating riparian countries from about 28 transboundary river basins. Some regional and national institutions exist in these river basins that oversee the management and development of water resources. Significant among them is the GLOWA Volta Project, which is saddled with the responsibility of understanding the impact of global change on the use and availability of water resources in the Volta Basin (e.g., de Giesen et al. 2007) . In light of the highly variable climatic conditions of West Africa, the West African Science Service Centre on Climate Change and Adapted Land Use (WASCAL, https ://www.wasca l.org/about -wasca l/welco me-to-wasca l/) is another regional initiative that provides researchbased solutions to enhance the resilience of human and environmental systems to the impacts of climate change. This is achieved through capacity building and provision of research infrastructure for climate studies in several West African countries.
As a little caveat to the study area definition, it should be noted that this review is over West Africa, a region defined by the Economic Community of West African States as covering about sixteen countries, and includes Chad and Cameroon. However, given that the latter is a country in Equatorial Africa, this study also takes advantage of the prominent gap in the knowledge of climate variability and its impacts on hydrological changes in Central Equatorial African countries (i.e., the Congo Basin) to extend this synopsis to include the region. These two regions called tropical West Africa which is hereafter referred to as West Africa in the manuscript for simplicity and convenience (Fig. 1a) . In terms of water availability, the Guinea Coast countries and those in the Congo Basin exceed other regions of West Africa (Fig. 1b) . As with Guinea Coast region, the Congo Basin has numerous networks of surface water resources (Fig. 1a) . Annual rainfall amount in the Guinea Coast area is nonetheless the highest (Fig. 1b) and shows the strongest spatiotemporal variability as opposed to the Congo Basin and the Sahel Fig. 1 Map showing some of the water resources in tropical West Africa (i.e., areas that include Central Equatorial Africa or Congo Basin). a The hydrological units (rivers, lakes, and groundwater aquifers) and the main river basins, which include Niger, Volta, Congo, and Senegal. The Congo (tulip pink) and Niger (sky blue) river basins are considerably large and apparently the most significant and prominent basins in the region owing to the two major rivers (Niger and Congo) that provide numerous ecosystem services. The aquifers (brown contour lines) are characterized in terms of numbers; for example, the numbers ranging from 11 to 15 are found in major groundwater basins, while the numbers 33 and 34 on the map are those found in local and shallow aquifers. The aquifer maps and some hydrological units (river distribution networks) are those of Worldwide Hydrogeological Mapping and Assessment Programme. b The mean annual rainfall over tropical West Africa based on the Global Precipitation Climatology Center (GPCC) precipitation for the period between 1901 and 2014 GPCC-based precipitation (1981 GPCC-based precipitation ( -2014 over tropical West Africa using principal component analysis (e.g., Preisendorfer 1988) . The EOFs (top) are loadings showing spatial patterns of variations in precipitation over TWA, while the corresponding PCs (bottom) are temporal variations, which are normalized using their standard deviation to be unitless. The total variability accounted for by the three leading orthogonal modes is 60%, 10%, and 5% for GPCC-1, GPCC-2, and GPCC-3, respectively. The blue lines on the spatial patterns (top) are river networks and reservoirs regions (Fig. 2) . The leading orthogonal modes of rainfall over West Africa as shown in Fig. 2 provide an overview of freshwater availability in the region. For example, the regions with stronger spatial loadings (patterns) in rainfall (GPCC-1, Fig. 2 ) coincide with areas characterized by strong annual amplitudes of rainfall (Fig. 1b) , and where strong variability in terrestrial water storage has been observed (Ndehedehe et al. 2016b ). The corresponding temporal patterns of leading modes of rainfall over the region are largely characterized by interannual (GPCC-1, which accounts for 60% of total variability), bimodal (GPCC-2), and seasonal variations (GPCC-3) and indicate that Liberia and Guinea receive the most rainfall (Fig. 2) . Despite the enormous water resources of these regions (Guinea Coast and the Congo Basin), their increasing vulnerability to several drought intensities in recent times (e.g., Andam-Akorful et al. 2017; Ndehedehe et al. 2016c Ndehedehe et al. , 2019 tends to strengthen the argument for the wet getting drier paradigm.
Fig. 2 Statistical decomposition of
With increasing need of freshwater for several ecosystem functions, water availability is now a concern for some regions in both West and Central Africa that are predominantly semiarid. This is evidenced, for example, in the Lake Chad basin's interest in transferring the surface water resources of the Congo Basin to nourish the nearly desiccated Lake Chad (e.g., Ndehedehe et al. 2016b; Lemoalle et al. 2012 ). There are ongoing public discourse and debates as to the feasibility of this proposed project. However, the eco-hydrological and cultural implications of this project, in addition to the legal requirements, institutional and other policy solutions, are key issues to be addressed. The enormous shared freshwater resources in the region, which have reduced considerably in the past two decades (e.g., Freitas 2013) as exemplified by the Lake Chad, could exacerbate local tensions due to growing water scarcity and increased competition among riparian countries. To help address some of the problems related to water resources in the region, several regional water initiatives (e.g., Volta Basin Authority), partnerships (e.g., West African Water Partnership), and bilateral cooperations (e.g., agreement between Niger and Benin on the development of surface schemes) (see https :// www.oecd.org/swac/publi catio ns/38409 569.pdf) were inaugurated. Ultimately, these institutions and other more recent collaborative efforts with international agencies "Current state of hydrology research" section) are some regional and institutional progress made for sustainability and effective management of water resources.
Hydro-climatic issues
After the notable climatic shifts of the 1970s and 1980s in most West African catchments, some ecological and hydrological impacts were reported. Of note is the loss and contraction of major freshwater bodies such as the Lake Chad whose surface extent declined by about 90% (Fig. 3) . Widespread desertification and degradational transitions in natural vegetation and land use through land clearing and logging (e.g., Knauer et al. 2014; Tucker et al. 1991) were other notable eco-hydrological events that ensued. Few pioneering hydrological papers in addition showed that despite observed precipitation decline during the period, some Sahelian catchments witnessed paradoxical increase in groundwater resources due to changes in soil characteristics and vegetation cover (see, e.g., Mahé and Paturel 2009; Favreau et al. 2009; Séguis et al. 2004; Leduc et al. 1997 Leduc et al. , 2001 . Whereas the efforts to unravel such complex hydrological processes are ongoing (e.g., Gal et al. 2017; Descroix et al. 2009 ), it has been argued that the tripartite relationship between climate, rural society, and the environment drives land cover changes in the West African Sahel, which in turn drive the distribution of rainfall and water resources in general (Paturel et al. 2017) . Moreover, as indicated in global climate projections, the impacts of climate change are expected to have direct and profound negative effects on freshwater availability (see, e.g., Tall et al. 2016; Prudhomme et al. 2014; Schewe et al. 2013) . Recently, it has been shown that indices of oceanic variability (e.g., El Niño-Southern Oscillation-ENSO) and sea surface temperature anomalies of the nearby oceans impact on the dynamics and distributions of land water storage in West Africa (e.g., Ndehedehe et al. 2017b ). However, a more recent climate projection suggests a climatic shift to drier climate in the 2050 and 2080s in West Africa, largely characterized by increase in drought-prone areas (Gizaw and Gan 2017) .
West Africa is one of the world's poorest regions with increasing population and intensity in climate extremes. That population growth and freshwater variability are now significant measures of economic development (e.g., Hall et al. 2014; Brown and Lall 2006) , West Africa, under a climate change scenario, perhaps could be the most vulnerable to severe water stress and human-modified drought in the nearest future. As most agricultural goods are produced in regions that are vulnerable to water-related impacts, this will have massive implications not just on the economy of West Africa but other regions of the world that indirectly consume the water resources of West Africa. This arguably emphasizes the strategic importance of West African countries in global food production chain on the one hand. On the other hand, it suggests that the scale of the problem is global.
Current state of hydrology research
Advancements in space agency programs, developments in Earth observation, and its growing applications in hydrology are well documented for other regions of the world.
However, West Africa's terrestrial hydrology is conspicuously underrepresented in the literature and in fact the least studied. As oppose to other regions of the world with detailed diverse applications of remote sensing data to study hydrological processes (e.g., McCabe et al. 2017; Alsdorf et al. 2016) , discipline-specific studies in West Africa that delivers on the terrestrial hydrology and impacts of climate variability on water resources are undeniably limited and somewhat lacking in the volumes of existing studies and catalog of hydrological journals. Extreme climatic conditions (i.e., droughts) of the last 3-4 decades had enormous negative impacts on West Africa 's freshwater resources (e.g., Freitas 2013; Wald 1990 ). Yet the representation of the state of hydrological knowledge in West Africa suggests there are still considerable gaps in knowledge vis-à-vis global perception of Earth science research. One particular area with considerable gap in knowledge in West Africa is its groundwater and aquifer systems. Although there is some historic evidence regarding groundwater bore measurements and well hydrographs in some locations in the Sahel (e.g., Henry et al. 2011) , generally a considerable proportion of West Africa is either lacking hydro-geological data or having sparsely distributed gauged stations and/or rarely monitored well locations. However, some collaborative efforts between the German research program on the global water cycle (GLOWA) and the Integratives Management-Projekt für einen Effizienten und Tragfähigen Umgang mit Süß-wasser in West Afrika (IMPETUS) initiative and those of AMMA-CATCH and GHYRAF ("Limited observational networks" section) on water resources development are significant progress made in the region (e.g., Ndehedehe 2017; Andam-Akorful et al. 2017 ). Be it groundwater or aquifer systems, West Africa seems to be generally dependent on information from external or international agencies like the The present Lake Chad shows two segmented pools with the northern pool completely dried up during drought periods (right). The map as adapted from Ndehedehe et al. (2016b) shows the impact of climate change resulting in morphological changes, gradual desiccation, and reduction in Lake Chad's freshwater during the last four decades
World-wide Hydrogeological Mapping and Assessment Programme (Fig. 1a) and the global groundwater information system, among others. Furthermore, the massive changes in land cover and land use patterns of West Africa in the last 5 decades (e.g., Li et al. 2007 ) had significant impacts on its terrestrial hydrology causing an imbalance in water budget and complex hydrological processes (see, e.g., Favreau et al. 2009; Séguis et al. 2004; Li et al. 2007; Leduc et al. 1997) . However, our contemporary understanding of West Africa's terrestrial hydrology is insufficient and somewhat flagged with inconclusive discourse. Despite the emergence of large-scale hydrological models, the interplay between terrestrial water fluxes and human actions, which has not been fully explored (see Wada et al. 2017) , contributes to the limited use of hydrological models for freshwater investigations. Whereas the representation of anthropogenic contributions in global hydrological models is challenging as argued by Wada et al. (2017) , the aftermath of water resources assessments from such models for West Africa where various human actions and changes in soil properties drive surface hydrology (e.g., Gal et al. 2017; Favreau et al. 2009 ) would be somewhat skewed and characterized by inconsistent results. This is because of the failure of hydrological models to faithfully and realistically account for the human dimension that also triggers considerable changes in terrestrial water systems. Therefore, if peer-reviewed science papers represent a state of knowledge and an opportunity to highlight scientific findings based on new or revised data and conducting research in regions with limited knowledge (Alsdorf et al. 2016) , this is therefore a clarion call to remotely sensed, large-scale terrestrial hydrology-focused investigation in West Africa. The accentuation of such call is predicated on three vital factors: (i) the argument that most drainage basins in West Africa are located in hydrologically unfavorable environments (see Anyadike 1992) , (ii) West Africa plays key roles in global climate and shows one of the strongest variations in climatic conditions, and (iii) the strong marginalization of West Africa in Earth science and hydrology research. Hence, opportunities for hydro-climatic research will bring Africa and its subregions to the fore in leading English-language journals that explore global changes in hydrology.
From a contemporary, large-scale innovative context, hydrological research is still much rather at the embryonic stage in Africa. For prominent river basins like the Congo, despite having a long history of hydrological measurements (Alsdorf et al. 2016) , there is a considerable decline in the knowledge of the basin's hydrology as opposed to the last four decades. While this review highlights some of the reasons for such limited understanding in recent times, the focus on West Africa is meant to stimulate research interest in other African subregions and provide relevant insights that will improve our understanding of continental freshwater dynamics. Hence, a synthesis of some recent contributions in the fields of hydrology and water resources in the region are identified and used to (i) assess the knowledge gaps and significant challenges in hydrological research, (ii) examine contemporary perspectives on hydrological processes and drivers of land water storage, (iii) discuss progress and innovative approaches to large-scale freshwater monitoring, and (iv) articulate new and impressive perspectives on the characterization of space-time evolutions of extreme weather events and key hydrological metrics. Among several other considerations, for example, addressing the 'data problem' and the complementary perspectives on hydrological controls on surface vegetation dynamics, this review further highlights the newly introduced hydro-geodetic approaches to terrestrial hydrology and its potential in the assessment of the region's surface and subsurface hydrology.
Knowledge gaps and challenges to large-scale hydrological research
Hydrological variability
Generally in Africa, hydrological variability and several drought episodes have amazingly large negative impacts on freshwater resources, biodiversity, food security, and health among other factors. These deleterious impacts hamper economic development, e.g., low gross domestic product (e.g., Brown and Lall 2006) , and contribute to increased poverty in one of the world's poorest continent. Arguably, reoccurring drought episodes of the 1970s and 1980s, and the incessant impacts of climate variability on the socioeconomic systems of West Africa were major triggers that led to the plenitude of climate research at the time. The various aspects of these studies focused mainly on analyzing multiple climate variables such as precipitation, runoff, soil moisture, temperature, and zonal winds, among others (see, e.g., Ndehedehe et al. 2016c; Hua et al. 2016; Tarhule et al. 2015; Nicholson 2013; Mohino et al. 2011; Paeth et al. 2012; Conway et al. 2009; Ali and Lebel 2009; Boone et al. 2009 ). Moreover, historical gauge data, outputs from global and regional climate models (i.e., GCMs and RCMs), and a host of optical remote sensing data, have been widely used in several hydro-climatic research at all levels (county level, region-specific, and large scales) in the region. These studies as highlighted in subsequent sections heavily explored and diagnosed the mechanisms of meteorological patterns and how it drives other fluxes (runoff and evapotranspiration) and land state variables (soil moisture). There are still knowledge gaps nonetheless particularly in areas regarding large-scale temporal and spatial dynamics of terrestrial water storage (TWS), and the impacts of both climate change and water resources development (e.g., irrigation schemes and dam constructions for hydropower) on the hydrological systems of West Africa. From a hydrological stand point, water development schemes (e.g., Lake Volta) impact on natural hydrological variabilities, making it difficult to understand the influence of climate on hydrological conditions. A typical example is the Volta Basin where human water management is considered a significant driver in the dynamics of surface water (e.g., Ndehedehe et al. 2017a; Ferreira and Asiah 2015) . Further, several scientific reports (e.g., Ndehedehe et al. 2018b; Andam-Akorful et al. 2017; Panthou et al. 2014; Todd et al. 2011; Sheffield and Wood 2008) have outlined exhaustively the influence of global climate and some oceanic hot spots on precipitation changes in West Africa. The influence of climate variability and low-frequency variability that are connected to slow oceanic and climate oscillations from global SST anomaly on the region's TWS has only been recently reported (e.g., Ndehedehe et al. 2018b; Andam-Akorful et al. 2017) . Such influence modulates hydrological processes and provides significant control on the spatial and temporal distributions of regional changes in TWS and other water budget quantities (e.g., runoff), resulting in increased acceleration of the water cycle.
Moreover, poor understanding of hydrological variability poses significant challenge to risk management and the prediction of extreme weather events (Hall et al. 2014) . The knowledge of hydrological variability in this most financially and climatically challenged region of the world is critical. This is true as variations in hydrology have been identified as one of the key variables causing disparity in the level of economic growth among nations, given that it represents a significant challenge to food security and infrastructure development in the world's poorest regions (see Hall et al. 2014; Brown and Lall 2006) . For instance, before the unprecedented droughts of 1980s, the surface water of Lake Chad played significant role in the economy and stability of the region. Apart from other numerous surface water developments for agricultural purposes, Lake Volta and the Kainji Dam are dedicated income-generating hydropower schemes, which sometimes are affected by drought events (e.g., Ndehedehe et al. 2016a, c) .
In West Africa, water-related knowledge and innovative technologies are not in the front lines of academic research institutions and government agenda, owing to poor funding and other disincentives. Consequently, the vulnerability of the region to the impacts of climate change (Fig. 3 ) will continue to grow with ripple effects through its socioeconomic systems. Observed devastating extremes in the climate of West Africa raise some concerns not just for water availability but also for a number of issues that include food security, health, policy and risk management strategies, and socioeconomic challenges (e.g., migration, GDP, etc.). The trajectory of future changes in hydrological conditions and water management practices are complex and will influence agricultural systems in terms of adaptation measures and mitigation strategies (see, e.g., Paolino et al. 2012; Roudier et al. 2011; Falloon and Betts 2010) . Despite the tragedies of frequent extremes in climatic conditions over West Africa, understanding hydrological variability is a wise choice that can unlock sustainable pathways and help mitigate the impacts of hydrological changes on economic growth.
Limited observational networks
Knowledge gaps in large-scale TWS dynamics and the impacts of climate on the hydrology of West Africa exist, primarily because of limited or lack of observational networks to provide the current state of hydrological information. Gauge stations for rainfall and river discharge measurements are in decline globally (e.g., Alsdorf et al. 2007; Lettenmaier 2005) . It is even worse in non-industrialized nations such as the African subregion where the gauge networks are not just extremely sparse, discontinuous, and lacking, but their density falls far below the WMO (World Meteorological Organization) guidelines (e.g., Vörösmarty et al. 2001) . As further mentioned in Vörösmarty et al. (2005) , the routine reporting of African river discharge to relevant climate agencies such as the WMO declined by 90% since 1990. Despite some investments in gauge measurements for meteorological and hydrological applications in some parts of West Africa, many subregions have little or no history of hydrological measurements. This is largely attributed to incessant political instabilities, lack of civilization (i.e., in terms of investing in research), and the costs and logistics implications for the installation of gauges to characterize flow dynamics. The paucity of primary baseline data in West Africa is major challenges that may further create a huge hydro-climatic information gap. This could restrict the availability of information regarding future projections of floods and droughts, in addition to the interannual fluctuations in streamflow in West Africa (Roudier et al. 2014) .
The lack of capacity to face the future challenges of climate change impact on water resources, owing to sparse observational record in some gauged river basins, is intensified by political concerns, legal and institutional constraints that have hindered the acquisition of existing data for scientific purposes. Research institutions find it difficult to engage in regional water management and transboundary water sharing conversations because hydro-climatic data from national archives and government repositories are frequently withheld, mostly for political and security reasons. This could only be more damaging for West African countries where water sharing across political boundaries is vastly enormous. Further, the African Monsoon Multidisciplinary Analysis-Couplage Atmosphere Tropicale Cycle Hydrologique (AMMA-CATCH, e.g., and Gravity and Hydrology in Africa (GHYRAF, Hinderer et al. 2009 ) projects are few among the significant initiatives that are primarily dedicated to studying land surface conditions in West Africa and other African regions through monitoring of hydro-climatological and ecological changes. However, whereas the AMMA-CATCH networks are highly insufficient with presence in only three countries of West Africa, the GHYRAF project is sandwiched between poor funding and transboundary issues (Ndehedehe et al. 2016a ). Increased observational networks are critical for the proper initialization of numerical weather prediction models and monitoring climate variability in West Africa (Jenkins et al. 2002) . But as indicated in some reports (see, e.g., Ndehedehe et al. 2016a; Todd et al. 2011; Farnsworth et al. 2011; Conway et al. 2009 ), the paucity of high-quality baseline data remains a major constraint to understanding the climatic influence on changes in the hydrological cycle over the region.
As argued by Alsdorf et al. (2007) , gauge observations such as those from river stage are incapable of large-scale monitoring of hydrological conditions. This is because of the physics of water flow across floodplains and wetlands, and since gauge networks essentially provide a one spatial dimension information about the spatial dynamics of surface water extent. For some of these reasons and those presented by in a related study, large-scale dynamics in surface waters (lakes, wetlands, rivers, reservoirs) are generally unknown. Understanding changes in the hydrological cycle over West Africa would not be possible without large-scale measurements that allow the estimations of the temporal and spatial dynamics of hydrological quantities. Apparently, developments in climate models (e.g., Erfanian et al. 2016; Washington et al. 2013; Otto et al. 2013; Mohino et al. 2011; Cook and Vizy 2006; Li et al. 2005; Koster et al. 2004; Giannini et al. 2003; Lebel et al. 2000) , land surface parameterization schemes, and hydrological models (e.g., Sheffield et al. 2014; Thiemig et al. 2013; Lemoalle et al. 2012; Todd et al. 2011 ) have shown some prospects as they have been widely employed to forecast and study the West African climatology and large-scale variability in the varied components of the hydrological cycle. Global hydrological models (GHMs) forced by global climate models and the latest greenhouse gases (GHG) concentration scenarios and atmospheric general circulation model (AGCM) have also shown potentials in global water assessment of droughts and water resources (e.g., Prudhomme et al. 2014; Schewe et al. 2013; Corzo Perez et al. 2011) . However, the skills of these models (GHMs, Global Climate Models-GCMs, and Regional Climate Models-RCMs) are restricted due to (i) their poor representation of surface water balance (e.g., Alsdorf et al. 2007 ), (ii) bias and conceptual model uncertainties (e.g., Thiemig et al. 2013; Todd et al. 2011; Schuol and Abbaspour 2006; Lebel et al. 2000) , (iii) dependence on computational estimates (e.g., Koster et al. 2004) , (iv) lack of feedback processes involving anthropogenic impacts (e.g., Piao et al. 2010; , and (v) model physics and choice of parameterizations (e.g., Oettli et al. 2011 ). Considerable progress is therefore required for the improved estimates of land-atmosphere impacts for GCM climate scenarios (Boone et al. 2009 ). But given the inherent problems of GCM in simulating primary aspects of the West African monsoon (e.g., Cook and Vizy 2006) , and uncertainties in satellite estimates of some key hydrological fluxes globally (Lettenmaier 2005) , then the implication of the problem is global.
Framework for assessment of hydrological metrics
The lack of a suitable framework to improve the characterization of space-time evolutions of hydrological quantities and extreme weather events limits climate forecasting systems, understanding of TWS dynamics, and the holistic assessment of key hydrological metrics (e.g., magnitude, frequency, duration, predictability, etc.). The impacts of climate variability and other processes of oceanic interannual variability (e.g., ENSO, Pacific Decadal Oscillation-PDO, etc.) in West Africa may result in contrasting outcomes on hydrological regimes. One of such example is the debate on rainfall recovery over West Africa. Nicholson (2005) and Lebel and Ali (2009) have contrasting cases of recovery possibly due to different reference periods. But essentially, they both show that while recovery was marked in some areas, rainfall deficit continued unabated in other Sahelian catchments. The failure of rainfall regime in one region does not translate to failure in other subregions (e.g., Ndehedehe et al. 2016c; Owusu and Waylen 2009) , probably owing to different drivers of rainfall, local and land surface conditions. Assuming drought and wet conditions vary in space and time, then the existing methods (e.g., van Huijgevoort 2014; Panthou et al. 2014; Lebel and Ali 2009; Rouault and Richard 2003; Nicholson et al. 2000) used to analyze extreme weather events and hydrological conditions are insufficient, warranting further studies. It was elaborated further in a recent study (Ndehedehe et al. 2016c ) that regional average time series of drought indices such as effective drought index (EDI), standardized precipitation index (SPI), groundwater drought index (GWI), and palmer drought severity index (PDSI) among several other indices (see, e.g., Li and Rodell 2015; Kasei et al. 2010; Ali and Lebel 2009; Laux 2009; Vicente-Serrano 2006; Heim 2002; McKee et al. 1993) hide the underlying spatial variability of the index and may lead to generalizations of wet and dry regimes. As the outcome of such drought indices is likely to be skewed, this may not be very helpful for predicting ecological responses, adequate evaluation of drought impacts, crafting of drought policies, and the fostering of campaign on regional adaptation 1 3 strategies. Highlights from previous reports overwhelmingly agree that climate oscillations and tropospheric effects are associated with the characteristics of extreme weather events in the region. Hence, a spatiotemporal drought framework based on the localization of hydro-climatic signals could improve our knowledge of these climatic signals. The statistical decomposition of rainfall over West Africa, which indicates the Guinea Coast region is characterized by annual and bimodal rainfall signals (Fig. 2) , illustrates the need for a spatiotemporal framework to enhance our understanding of hydrometeorological patterns. Relevant higher-order statistical techniques (e.g., independent component analysis) to support the regionalization of these signals are emerging innovative approaches in hydro-climatic studies ("Higherorder statistical tools and frameworks for spatiotemporal analysis of hydrometeorological data" section).
Climate variability and drivers of land water storage
Impacts of rainfall on stream flow dynamics and surface hydrology
In a study analyzing rainfall and extensive river flow records in sub-Saharan Africa-SSA, Conway et al. (2009) found that in West Africa, rainfall variability is high and explained 40-60% and 60-80% of the changes in river flows during the periods of 1931-1960 and 1961-1990, respectively . Based on coefficient of variance, Li et al. (2005) showed that rainfall is a principal driver of water fluxes (river discharge and evapotranspiration) in West Africa and that hydrological variability is relatively higher in dry period than wet period. Conway et al. (2009) also confirmed this for SSA, but in addition indicated that river basin physiography and human interventions provide some form of control on interannual and interdecadal variability in river flows. In the Niger river basin, Tarhule et al. (2015) found that streamflow and rainfall fluctuate on cycles that are predominantly 2-4 years long. Further, the hydrological characteristics of three West African countries (Burkina Faso, Ivory Coast and Mali) during the 1951-1997 period showed that rainfall deficit was 15-20%, while river flow deficit was 30-50% and more (Paturel et al. 2003) . The regimes of most rivers are expected to be impacted by extreme climatic conditions, topography, soil characteristics, and perhaps vegetation layouts and morphology. Persistent drought conditions, for example, may lead to modifications in ecosystems that also contribute to the nonlinearity of rainfall-runoff transformation in the region (Paturel et al. 2003) . The sudden and abrupt change point that occurred in 1969 in the rainfall and streamflow records in all sub-watersheds of the Niger Basin (Tarhule et al. 2015) due to droughts and long periods of reduced rainfall confirm that rainfall is a significant driver of stream flow in the region. However, several anthropogenic drivers such as the development of water infrastructures, land use change (especially deforestation), and expansion of agricultural areas in West Africa also play key roles in the alteration of river regimes (e.g., Ndehedehe et al. 2017a; Mahe et al. 2013; Paturel et al. 2003; Li et al. 2007 ). Moreover, several factors that influence runoff in West Africa were studied by Roudier et al. (2014) . Apart from rainfall, they showed that potential evapotranspiration was also associated with runoff, in addition to water withdrawal, land use dynamics, and carbon effects, which they argue could also significantly have potential impacts on runoff changes. The surface water resources of West Africa are not only vulnerable to the impacts of climate variability but also to various forms of human activities. This has been demonstrated in some catchments of West Africa where outputs of numerical simulations suggested that deforestation increases annual stream flow by 35-65% (Li et al. 2007 ). More studies related to the impacts of precipitation, surface water developments, and climate teleconnections as prominent drivers of West Africa 's surface hydrology are summarized in "GRACE hydrological applications in West Africa" section.
Extreme hydro-climatic conditions
Droughts
The highly variable climatic conditions in West Africa pose more threat to numerous water and ecological resources and make it considerably vulnerable to the impact of global climate change. For example, the spatial extent of Lake Chad, a prominent freshwater body in the world's largest interior drainage basin, declined from 24, 000 km 2 in the 1950s to approximately 1700 km 2 in recent times (see, e.g., Ndehedehe et al. 2016b; Wald 1990; Birkett 2000; Coe and Foley 2001; Leblanc et al. 2003; Lemoalle et al. 2012 ). This historic and dramatic decline of Lake Chad surface area (Fig. 3) is the aftermath of the persistent and long drought episodes of the 1960s and 1980s. These severe drought episodes were continental in nature and have been linked by some diagnostic studies (e.g., Bader and Latif 2011; Giannini et al. 2003; Fontaine and Bigot 1993; Janicot 1992 ) to large-scale climatological shifts and modifications in global SST.
In the Volta Basin, fluctuation in food production was attributed to high variability in rainfall distribution pattern (Kasei et al. 2010) , while hydrological drought years were characterized with strong decline in the water levels of Lake Volta (see Ndehedehe et al. 2016c; Bekoe and Logah 2013) . The long-term drying observed in the Central Equatorial Africa has been linked to SST variations and circulation changes associated with a weaker West African monsoon (Hua et al. 2016) . Combining the long-term drying of the northern Congolese forest (Zhou et al. 2014 ) and the reported declines in GRACE-TWS in some parts of the Congo Basin (e.g., Ahmed et al. 2014; Crowley et al. 2006) , hydrological conditions in the Congo Basin are therefore not favorable (e.g., Ndehedehe et al. 2018b ) and could be a major constraint among other factors, to the proposed and ambitious water transfer from the basin to nourish the Lake Chad basin. It should be noted that despite the notorious impacts of climate variability on water resources, existing dossier on drought evolutions at both regional and basinspecific scales (e.g., Oloruntade et al. 2017; Ndehedehe et al. 2016b, c) is insufficient and does not represent a satisfactory knowledge of hydrometeorological conditions in the region. Given that hydrological drought is said to be largely more driven by temperature than rainfall in the Niger south basin of Nigeria (Oloruntade et al. 2017) , drought studies at smaller basin or country scales are important to reveal some latent and intrinsic climatic elements not visible in largescale studies. This has been demonstrated for the Volta, Lake Chad, and Congo Basins (see Ndehedehe et al. 2016b Ndehedehe et al. , c, 2019 .
Floods
Whereas droughts, inter alia, contribute to food scarcity, famine, hydropower failure, and loss of biodiversity among others (e.g., Ferreira et al. 2018; Ndehedehe et al. 2016c Ndehedehe et al. , 2019 Zhou et al. 2014; Shiferaw et al. 2014; Bekoe and Logah 2013) , excess water such as the most recent floods across the globe (USA, India, Bangladesh, Nepal, and Nigeria) could even be more devastating. For example, it was mentioned in Basu (2009) Furthermore, severe floods ravaged West Africa in 2012 and 2013; destroying human lives, farmlands, properties; and causing outbreaks of cholera and other diseases (WMO 2013 . The latest in the strings of multiple extreme wet events in the region is the recent mudslides and torrential flooding in Freetown, the capital city of Sierra Leone. According to several online reports, for example, the American Broadcasting Company (http://abcne ws.go. com/Inter natio nal/wireS tory/offic ial-200-dead-sierr a-leone -flood s-49204 542.), more than 400 people died in Sierra Leone, while at least 3000 people were rendered homeless as a result of this torrential flood and mudslides. Intense rainfall, deforestation, and other forms of human activities have been identified as immediate and preliminary factors for this deadly disaster (http://news.natio nalge ograp hic. com/2017/08/sierr a-leone -mudsl ide-deadl y-video -spd/). As recently chronicled in West Africa (Ndehedehe et al. 2016b; Nka et al. 2015) , wet conditions and flood phenomenon in some Sahelian catchments are becoming more frequent and severe. While the recovery of monsoon rainfall and the continued increase in the occurrence of extreme weather events will unavoidably trigger large changes in the region's TWS, more flood-related investigations are required to understand the vulnerability of the region to extreme wet conditions.
Eco-hydrological processes
Ecosystem dynamics
Studies of ecosystem dynamics in Africa are gradually emerging (e.g., Knauer et al. 2014; Hély et al. 2006 ) and show an increasing evidence of some level of disturbance. The decline of primary production, widespread desertification, and land degradation are, for example, well-known fallouts of unprecedented droughts and water deficit conditions in the region (e.g., Shiferaw et al. 2014; Bader and Latif 2011; Tucker et al. 1991) . A recent study on Sahelian annual vegetation growth and phenology by Pierre et al. (2016) shows that drought shortened the mean vegetation cycle and reduced its amplitude. They argued further that despite the recovery of rainfall in the 1990s, the current conditions for green and dry vegetation are still below predrought conditions. It is mentioned in Lovett et al. (2005) that climate change will have major impacts on biodiversity with increased social consequences arising from ecological disturbance. This, as they have further highlighted, will have considerable implications on the continent's readiness to alleviate poverty and meet the Millennium Goals. Large segments of the West African region are heavily reliant on rainfed agriculture, making the impacts of climate variability on freshwater, vegetation dynamics, and weather conditions more deleterious and devastating in the region. As it turns out, economic development is hampered by strong hydrological variability caused by the impacts of climate variability in the region (e.g., Brown and Lall 2006) . This may lead to critical water infrastructure which needs to help mitigate the impacts of hydrological variability on food production and livelihood.
Hydrological indicators for surface vegetation dynamics
Numerous studies in the past have used various remotely sensed precipitation and soil moisture products to investigate the water-driven variability of surface vegetation (see, e.g., Guan et al. 2014; Knauer et al. 2014; Chen et al. 2014; Seghieri et al. 2012; Huber et al. 2011; Do et al. 2005; Nicholson et al. 1990 ). Because of the complex combination of environmental, social, and multiple strings of anthropogenic factors in Africa, these products are somewhat restricted as drivers of vegetation dynamics. To this end, a new hydro-geodetic approach to understanding the water-driven variability of surface vegetation (the normalized difference vegetation index (NDVI) used as a vegetation proxy) using terrestrial water storage (TWS) inverted from Gravity Recovery and Climate Experiment (more details provided in "Gravity recovery and climate experiment" section) data is explored in this section. To examine the suitability of other hydrological indicators (e.g., GRACE-derived TWS) for the assessment of climate impacts on eco-hydrological processes, this section evaluates the NDVI-rainfall and NDVI-TWS relationships with focus on the Lake Chad basin. As illustrated in Fig. 4a, b , TWS is modestly associated with NDVI at the annual scale unlike rainfall, which indicated a somewhat weak association with NDVI. A considerably strong linear correlation of monthly temporal series of NDVI with TWS ( r = 0.83 ) and rainfall ( r = 0.72 ) is largely indicative of the coupled effects of water availability on surface vegetation changes (Fig. 4c, d ). Since changes in TWS components in the Sahelian countries are most likely to emanate from catchment stores (e.g., soil moisture, groundwater, etc.), the strong association of temporal series in NDVI with TWS would be expected. For semiarid ecosystems, the GRACE hydrological signals are changes in the terrestrial water column that includes both the saturated and unsaturated soil zones. Moisture changes in this unsaturated zone as mentioned in Yang et al. (2014) are relatively more sensitive to the impacts of climate variability. Consequently, GRACEderived TWS changes would mostly be observed moisture changes within the unsaturated zone where the root zone is located. Hence, the result in Fig. 4a-d presents TWS as a rather suitable hydrological indicator on the temporal variations of NDVI in the region. Other land surface processes associated with vegetation dynamics (e.g., evapotranspiration) and the soil characteristics of the region (e.g., Lopez et al. 2016 ) may contribute to TWS as a better predictor of vegetation dynamics compared to rainfall in the basin. The observed associations of NDVI with rainfall and TWS as indicated in Fig. 4a -d may be dynamic depending on the trajectory of human interference (i.e., in terms of land use change) in the ecosystem and climate change. Such relationship nonetheless provides new perspectives on the ecology of semiarid regions in Africa.
The grid-by-grid relationship of monthly NDVI with TWS and rainfall also indicates the strong potential of TWS and rainfall as hydrological controls in the region (Fig. 4e,  f) . Overall, TWS shows linear and a more consistent association with NDVI over the entire basin compared to rainfall. For example, TWS shows strong positive correlations with NDVI in the northern and southern catchments of the basin (Fig. 4e) , while rainfall shows negative correlations with NDVI (Fig. 4f) in the northern catchment of the basin (rainfall also shows positive correlations with NDVI in the southern flank of the basin). The negative correlations of rainfall with NDVI in this northern catchment (Fig. 4f) suggest that NDVI still oscillates during long and protracted periods of limited rainfall. This perhaps can be caused by the physiological adaptations of Sahelian vegetation where root depth extends to the water table region (Huber et al. 2011; Seghieri et al. 2012 ). The only indicator of water availability would therefore be soil moisture and other components of catchments stores, which are all represented in TWS. Looking closely, correlations of NDVI with rainfall are predominantly 0.70 or less between latitudes 9
• N and 13
• N unlike the NDVI-TWS correlations that are mostly between 0.80 and 1.0 (Fig. 4e, f) . NDVI correlations with TWS are, moreover, even stronger in the vicinity of the Lake Chad. The strong association of NDVI with TWS in some parts of southern Chad and northeast Nigeria could be due to changes mostly within the unsaturated soil zone. On the other hand, given that arid and semiarid regions are mostly groundwater-dependent ecosystems, this relationship may suggest complex water use mechanisms, possibly from groundwater (e.g., Guan et al. 2015) . The development of such complex eco-hydrological interactions is more likely to emanate from the morphological and physiological adaptations of plants in arid regions that help them maximize water use. It is also critical to note that surface vegetation dynamics of some Sahelian ecosystems are not just driven by climatic factors as anthropogenic influence has been linked to observed changes in vegetation greenness (e.g., Herrmann et al. 2005) . It is worthy of note that both at the annual and monthly timescales, TWS is a relatively better indicator of water availability compared to rainfall in LCB, suggesting that interannual variations in TWS can influence crop yield. In such arid regions where rain gauge data and hydrological information are considerably sparse and difficult to acquire, this could further articulate our understanding of the impacts of climate variability on agricultural production and food security.
The role of human interventions on terrestrial hydrology
Anthropogenic factors such as land use change and dam constructions have contributed to freshwater variability. For instance, the impacts of reservoirs and construction of dams along most of the world's major rivers have dramatically change the seasonal flow rates and trends in stream flow rates (e.g., Dai et al. 2009; Yang et al. 2004; Lammers et al. 2001) . Human-induced changes in the ecosystem, accompanied by long-term rise in water tables and increase in recharge, were reported for southeast Australia and southwest USA (see Scanlon et al. 2005; Allison et al. 1990 ). In West Africa, despite the severe drought conditions of the 1970s and 1980s, extensive network of well observations revealed that groundwater resources and water table in Niger increased tremendously Leduc et al. 1997 Leduc et al. , 2001 ). This hydrological paradox, popularly known as the "Sahelian paradox," was attributed to a change in land clearing and changes in land use, which caused an increase in runoff Favreau et al. 2009; Séguis et al. 2004 ). Apparently, this phenomenon has also been observed in other Sahelian countries of West Africa (see, e.g., Gal et al. 2017; Mahé and Paturel 2009; Mahé and Olivry 1999) and new studies attempting to understand this hydrologically complex scenarios are emerging (e.g., Gal et al. 2017 ). Although Descroix et al. (2009) , in addition, argued from a hydrological stand point that this observed anomaly could possibly emanate from the hydraulic conductivity of the soil and its infiltration capacity, Li et al. (2007) confirmed the impacts of land use change on the hydrological regimes of Niger and Lake Chad basins. They showed that complete deforestation increased simulated runoff ratio from 0.15 to 0.44 and annual stream flow by 35-65%. The overwhelming litany of evidence from these considerable case studies may lead to the assumption this phenomenon is typical of the Sahel. But this appears not to be the case as a closer look at these Sahelian paradox studies indicate they were conducted at considerably small watershed scales (e.g., 500 km 2 and 5000 km 2 ). Other hydrological assumptions could lead to the conclusion that this is how the Sahel responds to the composite impacts of water deficit and land use change. A large-scale groundwater assessment from combined GRACE and model observation therefore could provide a broader perspective and perhaps more knowledge on this hydrological phenomenon and the hydrodynamics of the region. Such assessment can benefit from the multivariate methods discussed in "Higher-order statistical tools and frameworks for spatiotemporal analysis of hydrometeorological data" section.
Some recent contributions in the field of remote sensing hydrology to water resources development in West Africa have shown how deliberate human interventions can induce hydrological variability. For instance, Ndehedehe et al. (2017a) recently found that water ponding by the Akosombo Dam in the Lake Volta accounted for about 41% of the increasing trend in GRACE-TWS despite an apparent significant decline in precipitation between 2002 and 2014. The observed increased in TWS over the Volta Basin despite a significant fall in more than a decade precipitation during the same period (e.g., Ndehedehe et al. 2017a; Moore and Williams 2014; Ahmed et al. 2014 ) re-emphasizes the implications of human water management strategies on hydrology. The installations of hydraulic infrastructures in Senegal triggered rapid evolution of water resources as opposed to the 1980s when hydrological conditions were rather natural (Ngom et al. 2016) .
The contraction of the Lake Chad's surface area was primarily caused by strong declines in regional precipitation patterns, restricting inflow from Chari-Logone river systems, which provide about 95% freshwater of the Lake. However, as indicated in several studies (see, e.g., Ndehedehe et al. 2016b; Birkett 2000; Coe and Foley 2001) , water withdrawals from the Lake for irrigation purposes during water deficit periods compounded the effects of extreme droughts, resulting in about 90% decline of the Lake's surface area (Fig. 3) . Apparently, this underscores the role of human activities in not only exacerbating the impacts of climate variability but also reshaping the stability of Lake's ecosystem. The human-modified droughts of the Lake Chad basin are typical of the Anthropocene, where various forms of human activities impact on catchment storage, soil properties, and hydrological processes, thereby modifying hydrological drought severity. Van Loon et al. (2016) , for example, argued generally that urbanization impacts on recharge and infiltration rates, while soil moisture is influenced by deforestation, afforestation, desertification, and agricultural practices through evapotranspiration. In view of the aforementioned case studies, it can be reconciled that the combine effects of climate variations and human interventions, conjugated with the well-known strong land-atmosphere coupling in the region (e.g., Boone et al. 2009; Koster et al. 2004) , will unarguably result in strong and profound influence on water resources systems and hydrological processes.
Earth observations and model simulations in terrestrial hydrology
Advances in remote sensing hydrology evidenced in new space-borne measurements in particular have made it possible to provide reliable estimates of precipitation, soil moisture, streamflow, lakes, soil moisture, glaciers and ice sheets, etc., from orbiting platforms (see, e.g., Petropoulos et al. 2015; Alsdorf et al. 2007; Lettenmaier 2005) . Numerous studies (see, e.g., Agutu et al. 2017; Carrao et al. 2016; Funk et al. 2015; Dardel et al. 2014; Chen et al. 2014; Zhou et al. 2014; Du et al. 2013; Wagner et al. 2009; Sheffield et al. 2009; Tucker et al. 1991) have demonstrated the innate potentials of satellite data obtained from several remote sensing platforms such as optical, thermal, and microwave, in drought monitoring, land use change, regional water balance, and hydrological applications.
Multi-resolution data in land surface hydrological studies
Global reanalysis (e.g., Modern-Era Retrospective Analysis for Research and Applications-MERRA) and model data (e.g., WaterGap Global Hydrology Model-WGHM, CPC soil moisture, Global Land Data Assimilation System-GLDAS, etc.) driven by observed meteorological forcing data have also been introduced in understanding global changes in climates and hydrological cycle (see, e.g., Döll et al. 2014; Rienecker et al. 2011; Rodell et al. 2004; Fan and Dool 2004; Dirmeyer et al. 2004 ). The WGHM model data provide estimates of groundwater recharge from surface water bodies in semiarid and arid regions (Döll et al. 2014) , while global reanalysis such as the MERRA data provides atmospheric fields, water fluxes, and global estimates of soil moisture, which are very useful in land surface hydrological studies (Rienecker et al. 2011; Reichle et al. 2011) . With the rapid upsurge in wireless and smartphone technologies; unmanned drones, aerial vehicles, and tethered balloons, scientists can now archive estimates of daily average rainfall, temperatures, floods; map snow depths; and monitor other critical hydrological quantities such as channel depth (McCabe et al. 2017 ). These sophisticated sensing platforms provide the remote sensing community and hydrologists with a plethora of opportunities to develop new frameworks that advance and facilitate our understanding of global changes in hydro-climatic conditions.
Be it satellite, model, or reanalysis data, their applications have enhanced and revolutionized our knowledge of hydrological cycle, water availability, and global change. For example, using a model soil moisture driven by a hybrid reanalysis-observation forcing dataset, Sheffield and Wood (2008) reported a small wetting trend in global soil moisture that was attributed to increasing precipitation. Based on new data from the WaterGAP integrated global water resources model, Brauman et al. (2016) recently found periodic water shortage in 71% of world irrigated areas and 47% of large cities suggesting that water security depends largely on reducing society's vulnerability to water shortages. Multiple satellites and model data have been combined to produce a comprehensive indicator that provides balance for characterization while reflecting aspects of meteorological, agricultural, and hydrological drought information (e.g., Mishra et al. 2015; Niu et al. 2015; Du et al. 2013; Vicente-Serrano et al. 2012; Corzo Perez et al. 2011; Sheffield and Wood 2008) . A new multivariate drought framework based on a fourth-order cumulant statistics (Ndehedehe et al. 2016c ) also demonstrated the potentials of integrating multiple climate variables (in situ, model, and satellite data) in hydrological drought characterization, contributing to a broad framework of existing methods ("Higher-order statistical tools and frameworks for spatiotemporal analysis of hydrometeorological data" section). Even in a more recent study in East Africa (Agutu et al. 2017 ), a suite of remote sensing, land surface models, and reanalysis products showed strong potential for agricultural drought characterization, providing alternatives for the in situ data deficient region. Validated satellite precipitation (e.g., Tropical Rainfall Measuring Mission) and soil moisture products have been used to study meteorological processes and map surface soil moisture conditions in West Africa (e.g., Paeth et al. 2012; Pellarin et al. 2009; Nicholson et al. 2003) . Net precipitation and other water budget quantities (e.g., rainfall, evapotranspiration, etc) estimated from Global Precipitation Climatology Center, ERA-interim, and GLDAS data over West Africa during the 1979-2010 period were analyzed recently by Andam-Akorful et al. (2017) using wavelet power transforms and coherence analysis. One significant aspect of the findings of the study is that observed decreasing rate of available freshwater (net precipitation) is highly coupled to a low-frequency modulating El Niño activity that induced lower changes in rainfall variance, as well as higher evaporation variance. Put together, these are some obvious indications of the opportunities that exist for large-scale hydro-climatic research that leverage on satellite programs and other multi-resolution data.
However, some of these datasets are problematic in West Africa as their skills in representing land surface and state variables (e.g., soil moisture) are restricted due to various human interventions, e.g., land use change, surface water developments (Ndehedehe et al. 2018b) , and the factors mentioned earlier in "Limited observational networks" section. For this reason, hydrological research in West Africa may tend to benefit more from independent state-of-theart satellite observations, e.g., the Gravity Recovery and Climate Experiment. This is because the lack of sufficient in situ data for regional configurations and adequate initialization of outputs from hydrological models and reanalysis data for hydrological applications results in limited skills and poor representation of the West African land surface and hydrological state variables. Hence, the continued evaluation and validation of space-borne measurements and outputs from model simulations to assess regional water cycle should be given attention.
Gravity recovery and climate experiment
The Gravity Recovery and Climate Experiment (GRACE, Tapley et al. 2004 ) is a sophisticated time variable satellite gravity mission, comprising two identical satellites in nearcircular orbits with an altitude of ∼ 500 km and an inclination angle of 89.5
• that are separated by ∼ 220 km (Fig. 5 ). Unlike optical remote sensing platforms, which use visible, near-infrared, and short-wave infrared sensors to collect details of the earth surface, the two GRACE satellites use the satellite-to-satellite tracking system (Fig. 5) . Each of the GRACE satellites is further equipped with a K-band microwave ranging system and high-precision accelerometers. Changes in the Earth's gravity field are caused mostly by dynamic processes that include mass redistribution of water (i.e., continental water storage, ocean, and atmosphere), gravitational tide in the solid Earth, post-glacial rebound, and variations in Antarctic and Greenland ice volumes (e.g., Swenson and Wahr 2002; Wahr et al. 1998) . Accurate observations of these gravity fields are obtained from precise measurements of the distance between the two GRACE satellites as they orbit the Earth (see, e.g., Chen et al. 2005; Swenson and Wahr 2002; Wahr et al. 1998) .
Since its inception, GRACE has given an unparalleled perspective to global terrestrial hydrology by providing quantitative estimates of monthly changes in TWS (soil moisture; groundwater; surface water-lakes, rivers, wetlands; snow; and canopy) over large spatial scales. Because of its spatial resolution (200,000 km 3 ), the dynamics in multilayered land water storage (i.e., all aspects of TWS) can be measured at global or regional scales with an accuracy of 1.5 cm equivalent water height (Famiglietti and Rodell 2013) . Apart from its broad applications in droughts, floods, terrestrial water budget, and ecosystem assessments (see, e.g., Zhang et al. 2016; Ndehedehe et al. 2016c; Thomas et al. 2014; Long et al. 2014; Reager et al. 2014; Yang et al. 2014; Long et al. 2013; Houborg et al. 2012; Chen et al. 2010) , it is now one of the most vital tools in hydrological research, specifically in monitoring subsurface water storage, aquifer system processes, and evaluating groundwater resources (see, e.g., Castellazzi et al. 2016; Famiglietti et al. 2015; Alley and Konikow 2015; Famiglietti and Rodell 2013; Alsdorf et al. 2010; Henry et al. 2011; Tiwari et al. 2009; Swenson and Wahr 2007) . The applications of GRACE data in hydrology research globally are growing and well documented (e.g., Humphrey et al. 2016; AndamAkorful et al. 2015; Senay et al. 2014; Sneeuw et al. 2014; Ndehedehe et al. 2018c; Wouters et al. 2014 , and the references therein) and are only summarized here.
GRACE hydrological applications in West Africa
Early GRACE hydrological applications in Africa were mostly focused on other subregions (East, Central, and North Africa, e.g., Goncàlves et al. 2013; Awange et al. 2013a, b; Lee et al. 2011; Xie et al. 2012; Ramillien et al. 2008; Crowley et al. 2006 ). However, GRACE-based hydrological studies are gradually emerging in West Africa (see Ndehedehe et al. 2018a, c; Werth et al. 2017; Ndehedehe et al. 2016a Ndehedehe et al. , 2017b Forootan et al. 2014; Lee et al. 2011; Henry et al. 2011) . With the validation of GRACE data in the region (Nahmani et al. 2012; Grippa et al. 2011; Hinderer et al. 2009 ), more studies will be required to deploy GRACE observations in hydro-geological, groundwater, and climatological studies in the region. The utility of GRACE data for identifying long-term regional changes in groundwater storage in southern Mali and Niger basin has been reported (Werth et al. 2017; Henry et al. 2011) . The outcomes in the Niger basin and southern Mali indicate opportunities for assessing groundwater dynamics in other major river basins in West Africa. The developments and evolutions of GRACE-derived TWS over West Africa as highlighted in previous reports ("Understanding space-time GRACE hydrological signals" section) suggest complex hydrological processes for the humid parts due to the presence of surface waters, wetlands, and a considerably strong interannual rainfall (see Ndehedehe et al. 2017a; Ferreira and Asiah 2015; Moore and Williams 2014; Ahmed et al. 2014 ). An array of novel findings and interesting insights in the aforementioned areas has been reported recently (see, e.g., Ndehedehe et al. 2016b Ndehedehe et al. , 2017a Ferreira and Asiah 2015) and will advance essential aspects of research in remote sensing hydrology in the region.
Some recent perspectives on drivers of land water storage dynamics
The analysis of linear trends in yearly and monthly rainfall totals over West Africa reveals that the Sahel rainfall has shown recovery marked by statistically significant increase in annual totals (Sanogo et al. 2015) . The leading modes of standardized precipitation index over West Africa were also marked by above-normal rainfall Fig. 5 Illustration of the Gravity Recovery And Climate Experiment (GRACE) satellite mission. The two identical twin satellites popularly known as Tom and Jerry are linked with intersatellite ranging system and equipped with global positioning system receivers and attitude sensors and high-precision accelerometers (Tapley et al. 2004) . The ranging system is super-sensitive and can detect separation changes about one tenth the width of a human hair over a distance of 220 km (NASA 2002) . The GRACE satellites are designed to map the global gravity field every thirty days. Image adapted from http:// space info.com.au/2010/07/23/ gravi ty-missi on-down-under / (wet conditions) mostly between 1990 and 2014 over much of the Sahel (Ndehedehe et al. 2017b ). These positive trends in rainfall coincide with some significant wetting patterns in observed long-term model derived land water storage over much of the Sahel (Ndehedehe et al. 2018b) . Although the 2002-2006 period was somewhat dry in most regions of West Africa due to reduced precipitation, the extreme wet conditions of the 2006-2007 period caused by La Ñina triggered anomalous increase in Lake Volta water levels and GRACE-derived TWS over most parts of West Africa (e.g., Ndehedehe et al. 2016a ). Regardless of precipitation trends, GRACE-derived TWS has shown strong dominant patterns along the Guinea Coast countries of West Africa and significant increase over the entire region during the last decade (e.g., Ndehedehe et al. 2016a; Ahmed et al. 2014) . These results align with a more recent GRACE study in the Niger basin, which reported an estimated linear rates of 93 ± 61 km 3 in groundwater stocks between 2003 and 2013 (Werth et al. 2017 ).
As illustrated further in basin-specific studies (Fig. 6a-d) , estimated trends in GRACE-derived TWS anomalies using the basin scale approach of Swenson and Wahr (2002) over Lake Chad ( 2.32 ± 1.17 mm/year ), Niger ( 5.81 ± 1.19 mm/year ), Senegal ( 5.22 ± 1.02 mm/year ), and Volta ( 13.06 ± 1.85 mm/year ) basins indicate marked increase during the 2002-2014 period. The highest increase in TWS anomalies is observed over the Volta Basin due to strong gravimetric contributions caused by water ponding in the Akosombo Dam as highlighted in previous studies (see Ndehedehe et al. 2016a Ndehedehe et al. , 2017a Moore and Williams 2014; Ahmed et al. 2014) . In other basins nonetheless, these linear rates and trends (Fig. 6a-d) are largely perceived as a result of improved rainfall conditions over the same period. In light of the observed pseudo-rise and contributions of Lake Volta to TWS over the Volta Basin, which has been linked to water ponding by the Akosombo Dam (Moore and Williams 2014; Ahmed et al. 2014) , understanding hydrological variability of the basin became challenging. For instance, although precipitation, discharge from the Volta river system and net Fig. 6 Trends in GRACE-TWS anomalies over major river basins in West Africa for the period between 2002 and 2014. Trends in TWSA over a Lake Chad, b Niger, c Senegal, and d Volta Basins were estimated using the basin scale approach described in Swenson and Wahr (2002) . The GRACE (Tapley et al. 2004 ) satellite mission provides changes in TWS (sum total of changes in groundwater, soil moisture, surface waters, and canopy) based on observations of the Earth's time variable gravity fields (e.g., Ndehedehe et al. 2016a; Wouters et al. 2014) . The GRACE Release-05 (RL05) spherical harmonic coefficients from the center for space research (CSR), truncated at degree 60, covering the period 2002-2014 were used to estimate TWS over these basins precipitation reduced significantly over a 10-year period that coincided with the GRACE period, TWS over the Volta Basin showed significant and considerable rise during the same period (see Ndehedehe et al. 2017a) . By exploring a novel approach based on a two-step procedure that incorporates a weighted least squares formulation of global spherical harmonic analysis and cumulant statistics, a further step was undertaken by Ndehedehe et al. (2017a) recently, to quantify the contribution of Lake Volta to observed trend in GRACE-derived TWS over the Volta Basin (2002 Basin ( -2014 . They showed that the observed decline in GRACE-derived TWS (i.e., after removing the strong gravimetric changes of the Lake Volta) was consistent with more than a decade decline in precipitation within the vicinity of the lower Volta Basin where the lake is located. This decline in precipitation over the Volta Basin also coincided with significant reduction in stream flows of the Volta river system and net precipitation. It is here noted that large surface water development schemes such as the Lake Volta will have direct implications in water budget assessment. Hence, the combined impacts of anthropogenic, climatic, and natural drivers (e.g., natural climate variability) are challenging issues that require an integration of science and policy in water resources planning in the basin.
Whereas rainfall at interannual and seasonal timescales drives TWS in West Africa (Ndehedehe et al. 2016a ), drivers of hydrological variability are somewhat unclear in the Congo Basin (i.e., much of Equatorial Africa). The drying trends observed in the northern Congolese forest were found to be generally consistent with declines in rainfall, TWS, and aboveground woody and leaf biomass (Zhou et al. 2014) . But observed declines in TWS in three sub-basins (Congo, Ubangi, and Sangha) of the Congo river basin during the 2003-2012 period were attributed to deforestation (Ahmed et al. 2014 ). Pioneer GRACE results over the Congo Basin showed that it lost about 280 km 3 of water between April 2002 and May 2006 largely caused by a loss in runoff and evapotranspiration (Crowley et al. 2006) . One may therefore argue that the hydrological conditions of the Congo Basin and much of Central Africa are somewhat complex. Apart from non-climatic drivers, the local influence of sea surface temperature (SST), atmospheric circulation features, and mesoscale convective systems, which regulate rainfall through their control on the rain belt, have also been reported (e.g., Farnsworth et al. 2011; Balas et al. 2007 ). The Congo Basin is an epic biodiversity that houses the world's second largest rainforest. As highlighted by Washington et al. (2013) , the basin is among the three prominent convective regions on Earth that dominates global rainfall climatology during transition seasons. Its hydrological characteristics, nonetheless, are less reported compared to the Amazon basin where a relatively large inventory of hydrology-related studies exists (Alsdorf et al. 2016) . Hence, more studies will be required to build a concrete contemporary understanding of hydrological processes, climate feedbacks, and interactions in the region's biophysical systems.
The influence of global climate on terrestrial water storage
Considerable case studies in the past have investigated the impacts of perturbations of the nearby oceans, quasi-periodic phenomena (e.g., ENSO), and other low-frequency climate oscillations on precipitation changes in Africa. While such impacts have been widely reported and less debated, the role of global climate on long-term terrestrial water storage (TWS) has not been studied. Only recently was the influence of three prominent climate teleconnection indices (ENSO, AMO, and IOD) on GRACE-derived TWS and global reanalysis data documented over West Africa by Ndehedehe et al. (2017b) . The study revealed that ENSO and other low-frequency climate oscillations of the Atlantic Ocean (AMO) are important drivers of long-term variations in TWS, affecting its distributions and temporal changes. Prior to this, some pioneering studies (see Phillips et al. 2012; Boening et al. 2012 ) drew the attention of the hydrological community to the impacts of ENSO on global mean sea level and continental water storage. In other reports (e.g., Sheffield and Wood 2008) , variations in global soil moisture have been associated with variabilities in ENSO, though AMO supposedly impacts soil moisture variations in other regions including West Africa. Interestingly, ENSO, AMO, and PDO among other climate modes play key roles in the characteristics of extreme climatic conditions in West Africa (e.g., Ndehedehe et al. 2016b, c; Paeth et al. 2012) .
Furthermore, new results re-emphasizing and validating the influence of ENSO on variations in TWS are emerging (e.g., Ni et al. 2017) . The study by Ndehedehe et al. (2018b) found ENSO-related equatorial Pacific SST fluctuations as a major teleconnection with considerable significant association with long-term TWS reanalysis data over large portions of sub-Saharan Africa. ENSO is arguably one of the leading modes of oceanic variability that explains variability in TWS as the aforementioned studies suggest. However, for West Africa, there are other climate oscillations of the Atlantic SST that are also important drivers of long-term variations in TWS. The observed presence of AMO-driven TWS in much of the Sahel and Guinea Coast regions and the modest association between variabilities in Atlantic Meridional Mode and TWS over West Africa suggest the important role of Atlantic SST variability in the region (Ndehedehe et al. 2017b (Ndehedehe et al. , 2018b . Away from these large-scale climate teleconnection impacts, Hoff (2009) identified some biophysical, socioeconomic, and institutional teleconnections that exist within global water systems. These teleconnections whose characteristics have been detailed in the aforementioned synopsis, link causes, and effects on water resources remotely and may lead to serious disturbance and perhaps a breakdown of water-dependent socio-ecological systems. As anthropogenic factors also play key roles in the dynamics of global water systems ("Earth observations and model simulations in terrestrial hydrology" section), water management decisions will have to embrace dynamic policy solutions and meaningful decisions that integrate both climate and human factors.
The future of satellite geodetic missions in hydrology
Apart from the growing applications of GRACE observations in hydrology and Earth science, other sustained investments in satellite geodetic programs have provided large coverage of dynamics in terrestrial water bodies. For example, measurements obtained from interferometric synthetic aperture radar (InSAR), radar altimetry (TOPEX/Poseidon), ERS satellites, Envisat and Jason1 missions, Ice, Cloud and land elevation satellite (ICESat), Shuttle Radar Topography Mission (SRTM), Global Positioning System (GPS), Japan's Advance Land Observing Satellite (ALOS), among others, have proved to be useful in understanding the impacts of climate variability on the temporal and spatial dynamics of surface water resources (e.g., Tourian et al. 2017; Ndehedehe et al. 2017a; Lee et al. 2014; Alsdorf et al. 2001 Alsdorf et al. , 2007 Frappart et al. 2006; Lettenmaier 2005; Birkett 1995 Birkett , 2000 . All of these satellite programs and global land surface schemes have ignited a plethora of scientific findings that are not only informative but also useful for public policy and management decisions related to water resources (e.g., Ndehedehe 2017) . Currently now streaming is the use of InSAR data not just for detecting land subsidence but assessing groundwater abstraction-induced drought (e.g., Castellazzi et al. 2016) . Some other novel application areas would be to integrate GRACE observations with InSAR to monitor human-induced changes in groundwater aquifers and predict the likelihood of surface displacements in areas with long history of mining operations and groundwater use. Moreover, such independent observations would be essential in the Sahel of West Africa to address the widely reported hydrological paradox of increasing groundwater stocks during drought periods.
The previous GRACE mission came to an end in December 2017 after more than 15 years of gravity observations across the globe. It was replaced by the launch of a new-generation time variable gravity satellite pair, the GRACE Follow-On (GRACE-FO) mission in May 22, 2018. In non-industrialized regions where hydrological infrastructures and observational networks are in decline, non-operational or sparse (e.g., , the GRACE-FO mission would be the only operational, state-of-the-art, and most sophisticated gravity mission that would benefit hydrological and climate research. The anticipated finer spatial resolution of GRACE-FO mission would allow not just the quantification of the terrestrial water budget components but the closure of water balance with limited uncertainties. The new spatial resolution would be the aftermath of an optimized system design and the inclusion of an experimental laser ranging system to complement the K-band microwave ranging system in the previous GRACE mission.
Another future space agency mission currently under development and scheduled to be launched by 2020 as published by National Aeronautics and Space Administration (NASA, www.jpl.nasa.gov/missi ons/surfa ce-water -and-ocean -topog raphy -swot) is the Surface Water and Ocean Topography (SWOT) mission. The SWOT mission is expected to provide detailed measurements of surface water storage variations (i.e., wetlands, lakes, or reservoirs), complementing the GRACE mission. As indicated in the SWOT mission document (https :// swot.jpl.nasa.gov/files /swot/SWOT_MSD_12020 12.pdf), the scientific rationale for the development of SWOT is twofold. Firstly, to make high-resolution, wide-swath altimetric measurement of the ocean surface topography that will advance the understanding of the oceanic mesoscale and sub-mesoscale processes. Secondly, the quest for a mission that will measure the elevation of water on land that will boost fundamental advances in the knowledge of the spatiotemporal distribution of the storage and discharge of terrestrial water. Nevertheless, some other space agency missions relevant to hydrology have also been flagged for deployment in the coming years. They include Water Cycle Observation Mission (WCOM) and NASA's ICESat-2 (Ice, Cloud, and land Elevation Satellite). WCOM is expected to be launched by 2020 and is designed to measure snow water equivalent, soil moisture, precipitation, atmospheric water vapor, and other state variables, while ICESat-2 is primarily designed to map ice sheet, and in addition monitor surface water elevations (e.g., McCabe et al. 2017) . ICESat-2 is the second generation of the laser altimeter ICESat mission and is optimized to use a micro-pulse multi-beam approach. It is scheduled for launch by 2018 to determine ice sheet mass balance as well as cloud property information, provide topography and vegetation data around the globe, plus the polar-specific coverage over the Greenland and Antarctic ice sheets (see https ://icesa t.gsfc.nasa.gov/).
Higher-order statistical tools and frameworks for spatiotemporal analysis of hydrometeorological data
The plenitude of several available climate, hydrological, or gravimetric data, be it in the form of satellite observations, reanalysis, or model-generated products, has enhanced the continuous monitoring of land surface conditions, biodiversity, weather, and natural systems. During the last decade, these data have been considerably employed across the globe to study various forms of droughts (meteorological, agricultural, and hydrological), floods, ecological processes, and in the characterization of critical hydrological metrics, among others (see, e.g., Agutu et al. 2017; Ndehedehe et al. 2016c; Van Loon et al. 2016; Velicogna et al. 2015; Sheffield et al. 2014; Zhou et al. 2014; Thomas et al. 2014; Long et al. 2014; Reager et al. 2014; Yang et al. 2014; Vicente-Serrano et al. 2012; Sheffield and Wood 2008; Koster et al. 2004 ). However, the need to understand and localize the multiple and growing climate signals is now in the forefront of climate science. This interest in regionalising hydro-climatic signals at various time and geographic (e.g., global and regional) scales is increasing and has resulted in several applications of multivariate techniques such as principal component analysis (e.g., Preisendorfer 1988) in the decomposition of climate data, geophysical signal separation, and drought analysis (e.g., Ndehedehe et al. 2016a; Kurnik et al. 2015; Sanogo et al. 2015; Ivits et al. 2014; Nicholson 2014; Santos et al. 2010; Bonaccorso et al. 2003; Semazzi et al. 1988) . Other approaches to drought variability and or forecasting however, along with improving general circulation model (GCM) predicted rainfall, have been studied (though less reported) using wavelets analysis, canonical correlation analysis, among others (e.g., Mehr et al. 2014; Okonkwo 2014; Kumar et al. 2013; Singh et al. 2012; White et al. 2004 ).
Understanding space-time GRACE hydrological signals
Following some of the poor skills of global hydrological models (e.g., Ndehedehe et al. 2018b) , advocating for the improved representation of the African land surface and hydrological state variables (e.g., soil moisture) in these models and reanalysis data has been the basis of some emerging regional studies (e.g., Agutu et al. 2017) . Whereas this can be considered a logical step that could promote hydrological research, more validation studies would be essential to further assess the uncertainties in these data, establishing their limits of reliability and use in the region. For example, the MERRA reanalysis and WaterGap model cannot reproduce the temporal variability as captured by GRACE-TWS owing to their limited skills in the Congo Basin unlike the Sahel and some Guinea Coast zones (Figs. 7a and 1a) . Africa-TWA). This map is fully adapted from Ndehedehe et al. (2018b) with permission granted on the November 27, 2018. b The space-time patterns of GRACE-derived TWS over TWA using cumulant statistics (e.g., Ndehedehe et al. 2016b; Cardoso and Souloumiac 1993) . The independent components (ICs) and spatial patterns are constructed similar to Fig. 8 . The blue lines on the spatial patterns corresponding to the ICs are water bodies (rivers, lakes, and reservoirs)
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However, in addition to collaborating with local institutions for the provision of existing ground observations for parameterizations and validation purposes, the strong land-atmosphere interaction and the highly variable hydrological conditions should be understood to make necessary adjustments in hydrological models. Understanding this variability and its various drivers has been the basis of some of the author's pioneering works in the region (e.g., Ndehedehe et al. 2016a Ndehedehe et al. , 2018b Andam-Akorful et al. 2017) . As the PCA method indicates (Fig. 7a) , the two dominant modes of land water storage variability are found at the Guinea Coast/ Sahel regions and the Congo Basin area and are consistent with rainfall evolutions (Fig. 2) . While the first mode of GRACE-TWS was largely precipitation driven, the strong dynamics of the Congo River accounted for more of the observed variability in GRACE hydrological signals (Ndehedehe et al. 2018b) . A further assessment of independent patterns of TWS using cumulant decomposition techniques is illustrated in Fig. 7b . The regionalization of TWS using this technique has been very useful to understanding the evolutionary behavior of TWS in specific locations. As can be seen over the Volta Basin area (TWS-2, Fig. 7b and cf. Fig. 1 ), the rising trend in the time series associated with the spatial pattern is caused by water ponding of the Akosombo Dam in Ghana, contrary to other regions where temporal patterns are largely influenced by the annual rainfall patterns (TWS-1 and TWS-3, Fig. 7b ). Statistical decomposition methods are helpful in identifying climatic drivers such as global teleconnections or other prominent hydrological signals, e.g., variability in groundwater for semiarid regions of the world with massive groundwater abstraction. Space-time evolutions of state variables are essential for improved understanding of variability. The application of these statistical methods on GRACE-derived TWS could become the most efficient approach to quantify and assess the interplay among notable drivers, which include climate change, natural, and human-induced changes that contribute to variations in freshwater stocks. For example, this was demonstrated by Ndehedehe et al. (2018b) who applied PCA to regularized TWS and sea surface temperature anomalies and subsequently used the canonical scheme (canonical correlation analysis) to assess the coupled variability of dynamics in land water storage with SST anomalies. Furthermore, multivariate techniques are also very handy in isolating specific hydrological signals like those emanating from major lakes with strong gravimetric variations (e.g., Ndehedehe et al. 2017a ).
Drought characterization and regionalization
To improve the regionalization of drought signals at different aggregation scales, a fourth-order cumulant statistics, the independent component analysis (e.g., Cardoso and Souloumiac 1993; Cardoso 1991) was recently introduced in region-specific case studies (see Ndehedehe et al. 2016b, c) . This cumulant-based approach to the analysis of extreme hydro-climatic conditions has shown great skills in studying space-time developments of droughts compared to previous approaches (e.g., principal component analysis) of regionalizations and can be applied in other regions of the world. Theoretical and mathematical details of cumulant statistics and its applications have been documented, and interested readers can see relevant studies (e.g., Cardoso 1999; Cardoso and Souloumiac 1993; Cardoso 1991; Ndehedehe et al. 2016b, c) . As illustrated in Fig. 8 , the leading modes of standardized precipitation index (SPI) over West Africa are spatially distinct and in general create a dichotomy of extreme weather events between the semiarid Sahel and the humid coastal areas of West Africa. Drought amplitude and its variability in the region are unique depending on rainfall conditions and perhaps other climatic and human drivers. The notorious droughts of the early 1980s, for example, persisted in the Sahel at the 12-month aggregation scale compared to other regions of West Africa, though the tendency toward wet conditions has increased (with marked fluctuations). Such tendencies are due to recovery of rainfall in the 1990s and improved rainfall conditions during the last decade (Fig. 8) . SPI temporal series aggregated at 12-month scale are representative of hydrological droughts (e.g., Ndehedehe et al. 2016b, c; Li and Rodell 2015; Vicente-Serrano 2006; Rouault and Richard 2003; Hayes et al. 1999) . Hydrological droughts are usually periods characterized by prolonged deficits in rainfall. This often leads to reduced alimentation, desiccation, and depletion of lakes, reservoirs, stream flows, and, eventually, a decline in groundwater levels, depending on human response to water deficit conditions. This was the case in Lake Chad when protracted periods of hydrological droughts, accompanied with excess water withdrawals from the lake for agricultural purposes, resulted in a humongous contraction of its surface area (Fig. 3) . Further, in Fig. 8 , this multivariate technique clearly marks out the hydrological drought condition of the Congo Basin between 2003 and 2007 before it experienced the La Ñina upsurge later in 2007. It further shows that temporal evolutions of SPI over the Sahel are well associated with AMO unlike the SPI temporal patterns of other regions (Ndehedehe et al. 2017b ). This approach supports location-specific assessment of large-scale impacts on extreme climatic conditions. Arguably, this could help reduce the polarizations surrounding the debates on extreme rainfall conditions and the roles of climate modes that induce it variability. This new multivariate technique in spatiotemporal drought analysis is more comprehensive and robust and contributes to a large framework for drought assessment that will complement existing methods.
Conclusion
The deleterious impacts of unmitigated climate change in West Africa represent significant and considerable negative impacts on agriculture, hydropower, economic development and result in ripple effects on the socioeconomic systems of the region. As most agricultural goods are produced in regions that are vulnerable to water-related impacts, this will have massive implications not just on the economy of West Africa but other regions of the world that indirectly consume the water resources of West Africa. Despite this strategic importance of West African countries to the global community, there are still considerable and prominent gaps, however, in the knowledge of how global changes in climate impact on the region's water resources systems. Not only is hydrology poorly understood, large-scale temporal and spatial dynamics in TWS, and a framework to characterize key hydrological metrics and extreme weather events are lacking in West Africa. As this review indicates, an increasing number of constraints, e.g., lack of robust investments in gauge measurements for meteorological and hydrological applications among other factors, combine to restrict the availability of in-situ observations for hydro-climatic research Fig. 8 Illustration of the spatiotemporal SPI (standardized precipitation index) patterns over different hydrological zones of West Africa using 12-months gridded SPI values (adapted from Ndehedehe et al. 2017b) . The localized SPI values are based on McKee et al. (1993) description and are computed using GPCP-based precipitation product for the period 1979-2014 (SPI values are in standardized units). The localization of SPI was achieved by rotating significant orthogonal modes of 12-months SPI values using cumulant statistics (e.g., Ndehedehe et al. 2016b; Cardoso and Souloumiac 1993) . SPI values for drought classification and characterization are jointly derived and interpreted together using the temporal evolutions of SPI (left) and their corresponding spatial patterns (right). AMO is associated with the characteristics of SPI over the Sahel region. Blue lines on the SPI spatial patterns are hydrological units (rivers, lakes, and other water bodies), while those on the temporal series are drought thresholds. SPI signals and soil moisture index have also been localized in basinspecific studies over West Africa, where ENSO and several low-frequency climate oscillations such as the PDO, Arctic Oscillation, and North Atlantic Oscillation were associated with drought characteristics (see Ndehedehe et al. 2016c) 1 3 that addresses the aforementioned issues. Advancements in space agency programs and sophisticated sensing platforms undoubtedly have revolutionized terrestrial hydrology research around the world. However, as opposed to other hydrological regions of the world (e.g., the Amazon basin) with considerable reports on hydrological processes, similar studies over West Africa are conspicuously limited in the volumes of existing studies and catalog of hydrological journals.
Understanding the impacts of global climate on regional changes in terrestrial water system is warranted for few reasons: it will (i) support policy and risk management strategies, (ii) promote the need for management and sustainability of water resources, (iii) foster campaign on regional adaptation strategies in the event of extreme hydrological conditions, (iv) advance hydro-climate research in terms of optimizing climate and hydrological models, and (v) provide new perspectives on eco-hydrological processes in West Africa. As this manuscript illustrates, opportunities for hydro-climatic research in West Africa that leverage on sustained investments in satellite geodetic programs exist. The potentials of satellite gravity observations, gauge and high spatial resolution satellite precipitation data in the region, are some opportunities to further assess the representation of the land surface and atmospheric states in global reanalysis models.
The highlights in this manuscript indicate that these geodetic programs (e.g., GRACE and radar altimetry missions), along with other remote sensing satellite missions, and auxiliary data synthesized by forcing global land surface models with historical meteorological data (reanalysis) have only within the last two decades ignited a plethora of scientific findings. These outcomes are not only informative but could be considerably useful for public policy and management decisions related to water resources. Given the poor density of groundwater bores and other observations, hydrological research in West Africa is expected to benefit immensely from independent space geodetic programs such as the GRACE mission. Limited skills in model outputs and poor representation of the West African land surface in reanalysis data are few notable constraints to large-scale terrestrial hydrology-focused investigation in West Africa. Therefore, to improve our contemporary understanding of West Africa's terrestrial hydrology, the continued evaluation/validation of these data (models and reanalysis) and space-borne measurements is advocated.
